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Fig. 3. Wireless link efficiency and system efficiency vs. transmitted electrical
power.

The system encompasses two MOSFET/ADC-based
switches that connect the transducer to the energy management
unit, or allow power to the data communication unit and
activate the transmission once enough energy has been
received.

The operation of the system can be divided into two
phases. Initially the energy storage component is completely
or partially depleted. Therefore a remote charger must send
energy to the system via ultrasonic radiation so the node can be
recharged. The system enters the second phase after receiving
enough energy, which is used to power the SEANet node for
sensing and data transmission operations.

B. System Design

Design challenges and requirements: A detailed description
of the design of SEANet communication and sensing platform
is reported in [16]. We briefly report the most important
design requirements. The SEANet node can perform sensing
and communication operations in 1.2 s including 5 ms for
a powering-up period, 800 ms for sensing and processing
data from its temperature sensor, and 310ms for transmission
operations that can send one ZP-OFDM packet including eight
ZP-OFDM symbols carrying 6144 bits of data. To perform
these operations, it requires a voltage of 12 V and 140 mA
of current. Hence, the required power amounts to 1.68 W
consuming 2.02 J of energy. However, not all components
of the communication unit require the same supply voltage.
Specifically, the Teensy is powered with 5V, the mixer needs
two “supply rails” (±12 V) and the power amplifier can only
work with 12 V positive.

The design challenges relative to the energy management
module are due to the received low power levels caused by the
attenuation in water and conversion losses of the transmitting
and receiving transducer. Furthermore, it is difficult to design a
small energy storage component that can be quickly recharged,
for the following reasons: (i) the charging voltage across the
supercapacitor has an asymptotic behavior when approaching
full capacity; (ii) the maximum voltage rating of the storage
component is typically lower than the voltage requirements of
the communication circuit; (iii) the internal equivalent series
resistance (ESR) can be too large to provide the current needed
by the load; (iv) as seen above, different parts of SEANet have
different power and voltage needs.

Component design: From these the capacity needed to store
the minimum amount of energy to activate the communication
module can be calculated. The SEANet system needs 25 mF
to be powered-up, and to sense and transmit one packet of
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Fig. 4. Rectifier efficiency ηrect vs. the received AC power with a 1 kΩ

load.

data. It can be challenging or time consuming to charge a
single capacitive element up to 12 V. Therefore, we use a
bank of supercapacitors that are connected in parallel during
the charging phase and, during the powering phase, in a con-
figuration such that the voltage across the equivalent capacitor
matches the load requirements. In this way it is easier and
faster to charge the whole set of supercapacitors and, at the
same time, a 12 V voltage can be provided to the SEANet
components. Switching between the two phases is realized
with a MOSFET and an ADC circuit. Different components of
the communication circuit have different power requirements.
Therefore, we include two low drop out (LDOs) regulators
to adjust the storage supplied voltage and match the values
required by the communication unit (Figure 2).

Evaluation metrics: The system performance was evaluated
as follows. The charging efficiency, defined as the ratio be-
tween the energy accumulated into the super-capacitors bank
(Es) and the total energy needed to charge it (Etx), can be
expressed as

ηc =
Es

Etx

× 100. (1)

The effective data rate ηd is defined in (2) and accounts for
the total amount of data dm (in bits) that can be sent with
the harvested energy with respect to the time (Tc) needed to
charge the system and the time to complete the transmission
(Ttx), given by

ηd =
dm

Tc + Ttx

. (2)

To assess the source of loss for varying transmission power
levels, the power transfer efficiency (PTE) of the wireless link
can be measured as

ηPTE =
Prx

Ptx

× 100, (3)

where Prx is the received AC electrical power before the
rectifier and Ptx is the transmitted AC electrical power. PTE
will quantify the power loss due to the combined effect of
the transducer electro-acoustic and acousto-electric conversion
losses and the attenuation in water. Moreover, to evaluate
the loss caused by the rectifier, we can measure the rectifier
efficiency as the ratio between the DC rectified power and the
received AC electrical power, given a certain load, which can
be expressed as
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Fig. 5. System charging efficiency for different values of the transmitted
electrical power.

ηrect =
Pdc

Prx

× 100. (4)

Finally, we define the global system efficiency as the ratio
between the DC rectified power and the transmitted AC
electrical power, given by

ηsys =
Pdc

Ptx

× 100. (5)

IV. SYSTEM PROTOTYPE

The experimental setup consists of an underwater sensor
node based on the architectural model reported in Section III
and a charging station. The latter is a USRP-based underwater
modem [17]–[20] including a Microcircuits LZY-22+ high
power amplifier, and an Airmar P58 transducer. The IoUT
platform uses the same type of Airmar transducer for both
energy reception and data transmission. The matching network
is a passive lumped element circuit and the rectifier is a
traditional full wave AC-to-DC converter based on BAT54
diodes. As for the storage, we used six 5.5 V off-the-shelf
supercapacitors, four with 100mF of capacity and two 47mF.
During the charging phase the capacitors are connected in
parallel so that the equivalent capacity seen from the rec-
tifier is 494 mF. During the powering phase two sets of
100mF, 100mF and 47mF series-connected supercapacitors
are connected in parallel so that the total equivalent capacity
is 48.45mF and the voltage across this equivalent capacity is
15V, namely the sum of the voltages across each capacitor in
one of the two series. This is the minimum capacity needed
to transmit one packet (one ZP-OFDM packet including eight
ZP-OFDM symbols carrying 6144 bits of data) and perform
sensor readings for 800 ms. Finally, two LDOs are included
in the powering module to regulate the voltage supplied from
the storage to the communication components. Specifically, a
12 V-to-5 V LDO provides a 5 V voltage to the Teensy and
a 12V-to-(−12V) LDO converts the voltage for the negative
rail of the mixer.

V. EXPERIMENTAL RESULTS

In this section, we present two sets of preliminary exper-
iments to showcase the feasibility of the wireless acoustic
charging over a distance of 1 m and the battery-less IoUT
platforms.

We first measured the power transfer efficiency to estimate
transfer efficiency of the wireless acoustic link. Figure 3
showcases that the power transfer efficiency is around 4% for
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Fig. 6. System effective data rate ηd for different values of the transmitted
electrical power.

transmission power levels larger than 0.1W. After quantifying
the link loss including the loss due to non-ideal electro-
acoustic and acoustic-electric conversions, we measured the
loss due to the rectifier by connecting the output of the rectifier
to a 1 kΩ load. Figure 4 shows the rectifier efficiency (ηrect)
for varying received AC electrical power levels. The results
prove that with at least 30 mW of AC electrical power, the
rectifier can work with an efficiency of more than 50%. As a
final experiment in this set, we measured the efficiency of the
whole system (ηsys) as illustrated in Figure 3. As expected, the
combined effect of ηpte and ηrect leads to a system efficiency
of 2% for a transmission power level of 1W.

The second set of experiments focuses on the charging
efficiency and the actual amount of data that can be transmitted
with the received energy. To this end, as explained in Section
IV, we charged a set of supercapacitors. Experimental results
for the charging efficiency (ηc) are shown in Figure 5. Since
Es is constant, and we observed that the charging times
become shorter with an increase in transmitted power, the
decrease of ηc is due to the decrease of the PTE ηPTE around
1.3W (compare Figure 3 with Figure 5).

Finally, we measure the effective data rate. Once the su-
percapacitors are charged up to 5 V, their configuration is
changed to provide an initial voltage of 15 V to power the
IoUT system. Figure 6 shows that the effective data rate, as
defined in (2), increases relative to the transmitted power. This
can be explained by the fact that higher transmitted power
levels reduce the charging time which will eventually lead to
higher effective data rates.

VI. CONCLUSIONS

Powering of systems deployed in deep waters remains one
of the core challenges toward the long-term deployment of
untethered underwater systems. In this article, we presented
the first ultrasonically rechargeable underwater sensor node.
The system is batteryless and powered by supercapacitors
whose charge can be restored by means of WPT realized
over distances longer than current inductive and magnetic
technologies. We reported on the architectural model of an
underwater platform capable of extracting electrical energy
from ultrasonic waves and using it to power an ultrasonic
communication system. We realized a prototype based on the
proposed architecture. Experimental results proved that the
collected energy is sufficient to perform a sensing operation
and power an acoustic modem for ultrasonic communications.
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